Abstract HACCP (hazard analysis and critical control points) principles were applied to evaluate the effectiveness of two water treatment facilities to continually produce potable water free of microbiological health hazards. This paper reports a hazard analyses protocol (microbiological hazards based on faecal coliforms (FC) and turbidity (TBY) as indicators) for critical control points (CCPs) within each facility. The CCPs were raw resource water, sedimentation, filtration and chlorine-disinfection. The aim was to determine the effectiveness of each CCP to remove the indicators from the water under treatment. Arbitrary critical performance limit targets (CPLTs) were set up for each CCP to determine to what extent each contributed to effective removal and to predict what the effect would be if any of the CCPs should fail. Health-related water quality guideline limits for expected health effects were applied and compliance measured at the 90th percentile. The raw resource river water used at both treatment facilities complied with raw resource water extraction CPLTs. The treated potable water complied with health-related drinking water guidelines. Sedimentation removed the largest proportion of the indicators from the raw water, but showed failure potential that could overload the consequent system. Filtration effectiveness at both treatment facilities showed potential to break down the overall effectiveness of the entire treatment facility, since the filter systems failed to meet their respective CPLTs. This left the disinfection phase to remove the remaining portion of indicators. Faecal coliforms appeared to be completely removed from post-chlorination samples. This indicated that both chlorine disinfection phases were 100% effective in meeting their disinfection CPLTs, despite having to "clean up" the indicator organisms that spilt over from the upstream CCPs. This, nevertheless, implied a risk of unsafe water release into distribution. CCPs at these treatment facilities had some difficulties in reducing the health-related risks to meet their respective CPLTs. Applying a HACCP programme would minimise the risk of contaminated water distribution in cases of system component failure.
Introduction
Despite advances in water treatment technology, water-related disease outbreaks still occur even in areas where treated water is supplied. In the UK for instance, 25 known outbreaks of cryptosporidiosis were associated with consumption of drinking water from public supplies in the UK since 1988 (Bouchier, 1998) . In developing countries such as South Africa, communicable water-related diseases, especially diarrhoea, are widespread health problems related to consumption of contaminated water at the point of use. The transmission and prevention of such infections largely depend on the microbiological water quality (Genthe and Seager, 1996) with recent outbreaks of Salmonella infections in South Africa associated with contaminated drinking-water supplies (Potgieter, 2002) .
Water treatment facilities in general, and end-of-process chlorination in particular, are heavily relied upon to remove health-related microorganisms from water during treatment (WHO, 1996) . Much of water treatment management relies on (a) operational experience of people and (b) the inherent design effectiveness of the treatment process to produce safe water without knowing what would happen if any of the processes within a particular system failed. It is quite customary at water treatment facilities to, for instance, monitor only the intake water and end-product (treated tap water): practices that could lead to improperly treated or contaminated water being distributed. Even if monitoring of the microbiological quality of the treated water is done regularly, and it provides evidence of contamination, the information is often received too late for corrective action prior to significant volumes being consumed. This indicates a need for preventive measures and corrective actions early in the drinking-water treatment process.
From a health-related microbiological perspective, HACCP can provide a quality control mechanism for the water treatment industry to produce continual safe product to consumers, and can add real value to management of drinking-water treatment. A study from which this paper reports certain elements, investigated the feasibility of applying a HACCP programme at water treatment facilities to monitor whether safe water was continually being produced. The concept of HACCP (Hazard Analysis and Critical Control Points) is relatively new in water quality management (Hellier, 2002) but has long been the primary risk management system for the food industry. The HACCP Guidelines "Codex Alimentarius" (WHO, 1996; Mortimore and Wallace, 2001 ) means food code, which details seven principles for implementing HACCP. The intention of using a HACCP system in water treatment (rather than on the whole system of supply and distribution) would be to focus on managing hazards early in the process, rather than relying mainly on endpoint treatment such as chlorination for health-related water quality control. By applying HACCP, managers at potable water treatment facilities manage treatment processes based on hazard analyses data measured at points in the treatment system: the Critical Control Points (Dewettinck et al., 2001) . The HACCP process can, however, be quite elaborate or out of context for application in water treatment management, because of (a) the diverse range of waterborne hazards (particularly from multi-use catchments), (b) the continuous nature of supply between raw water sources and consumption of treated tap water, and (c) the large, complex distribution networks that receive the treated product (Hellier, 2002) .
In this context, the aim of this paper was to present, from the study, a simplified HACCP programme that was applied at two potable water treatment facilities in the Modder River catchment (Free State Province, South Africa) to evaluate the system effectiveness to continually produce microbiologically safe drinking water. Four of the seven HACCP principles were applied: (a) identification of microbiological hazards (hazard analyses), (b) parameterise critical control points (CCPs), (c) establish critical performance criteria for each CCP and (d) to monitor the selected CCPs systematically with the most effective assessment method available. CCPs are points, processes, or procedures (Mortimore and Wallace, 2001 ) in a water treatment facility at which control can be applied and, as a result, waterborne pathogens can be eliminated or their numbers reduced to acceptable levels. The primary study objective was to select CCPs at the two facilities and then to investigate whether these were sufficient as barriers to remove or reduce the numbers of health-related microorganisms that entered the system in the raw resource water to acceptable levels in the final product (safe potable water delivered to the distribution networks).
Hazard analyses for this study were based on health-related microbiological water quality using faecal coliforms and turbidity as indicators. To measure whether a CCP was effective in removing hazards, benchmarks were needed (WHO, 1997). The second objective for this study was to compile a set of critical performance level targets (CPLT) for each CCP to remove a target percentage of faecal coliforms (FC). While microbiological assessment might play a critical hazard analyses role in applying HACCP, microbiological testing (such as with FC) in the application of HACCP was not generally not considered an effective means of monitoring CCPs, because of the lengthy time required to obtain results (USDA, 1997) . This implied that more rapid testing would enable water quality managers to react more quickly. Rapid measurement at CCPs can at best be accomplished by using more rapid physical water-quality tests such as turbidity (Mortimore and Wallace, 2001; WRC, 2001) . Relationships between the occurrence of microorganisms and other quality criteria such as turbidity in water are acknowledged, but not yet clearly understood (Tchobanoglous and Schroeder, 1987; Chapra, 1997) . This study provided the opportunity (the third objective) to investigate "quick testing" for the potential occurrence of faecal coliforms, by using turbidity as a gross parameter indicator in a CCP monitoring system.
Materials and methods

Study sites
The two potable water treatment facilities (TFA and TFB) selected for this study were both in the Middle Modder River catchment area, Free State Province, South Africa. Resource water treated at TFB was withdrawn from an impoundment which health-related water quality described as unpolluted river water (Jagals, 2000) . The resource water extracted for treatment at TBA was described as polluted river water (Jagals, 2000) because of discharges from upstream urban areas and poorly managed wastewater treatment facilities from surrounding cities and townships (Jagals et al., 1995 (Jagals et al., , 1997 .
HACCP principles applied
Hazard analyses assessed the reduction of faecal coliform numbers (organisms/ 100 mL) and turbidity levels (NTU) as measures of treatment effectiveness. The guideline values applied for drinking-water quality were those in the South African Water Quality Guidelines (DWAF, 1996) . This meant that the collective effectiveness of the processes within each treatment facility had to remove whatever indicator levels the raw intake water might have contained to <1 FC/100 mL and <1 NTU. Compliance was measured at the 90th percentile. Faecal coliforms were cultured on MFc Agar (Biolab ® ) using membrane filtration (APHA, 1998), with blue colonies counted as faecal coliforms. A HACH 2100 turbidity meter was used to measure turbidity levels in the same water samples.
Critical control points (CCPs) were raw river water, sedimentation, filtration, and chlorination. While each treatment component selected as a CCP performed critical functions within the system configuration, the raw river water CCP was not essentially a CCP in the context of treatment system control. While the raw product is not often included as a CCP in the food industry, including raw river water as a CCP for this study was done for a specific purpose. While treatment facility managers often have very little control over the quality of raw water they have to treat, they can play an important role in management of the upstream catchment. It is a generally accepted principle that the fewer contaminants the raw water has, the better the treatment system will cope with the contaminant load and the lower the risk of contaminant release into the distribution network in the case of accidental or other types of system failure (Chapra, 1997; DWAF, 2002) . Since it is at the treatment facility where the quality of the surface water in the resource is most often measured, including the raw water as a CCP not only provided a red-flag to prepare the receiving system, it also provided information on the efficiency of the management system operating in the catchment.
Critical performance limit targets (CPLTs) for hazard removal (FC and turbidity) were not readily obtainable in a single comprehensive guideline. Table 1 shows arbitrary CPLTs collated from national and international guidelines. While national health-related water-quality guidelines were used for raw water extraction for drinking-water treatment as well as treated water, the literature does not provide clear turbidity removal guidelines for an acceptable raw water quality. Percentage removal criteria were compiled for sedimentation, filtration and chlorination. Results were compared to these criteria to measure the performance of each CCP.
Monitoring CCPs meant measuring or observing whether each CCP operated within its CPLT and what cumulative effect it would have should any one or more CCP fail to meet its CPLT. Compliance was measured at the 90th percentile (upper whiskers of the boxes in Figures  1 and 2) . Associations between the occurrence of FC and turbidity were also measured to see whether the latter could be used in lieu of the more cumbersome FC testing methodology.
Results and discussion
Faecal coliform removal measured at CCPs Figure 1 shows that the health-related microbiological water quality (HRMWQ) of the raw water extracted from the Modder River by both facilities was well within the guideline values of 2,000 FC/100 mL (from Table 1 ). This implied that, although the raw water showed signs of faecal pollution, conventional treatment should effectively have removed the microbiological contaminants if the system was properly designed, maintained, and operated.
The FC numbers detected after sedimentation at both treatment facilities were above the maximum water quality guideline level for a slight risk of microbial infection with continuous exposure (DWAF, 1996) , whilst levels after filtration were below this limit. No FC were detected in samples post-chlorination, indicating that the process played a major role in effectively rendering these indicator organisms unculturable, i.e. not active or assumed killed off.
Turbidity removal at the CCPs
Turbidity levels of 69 NTU and 149 NTU were measured at the two raw water extraction points (Figure 2 ) which, as well as water overflowing from the sedimentation processes at both treatment facilities, were above the visible turbidity and health risk guideline of 5 C. Jagals and P. Jagals Figure 1 Faecal coliforms measured at critical control points in two water treatment facilities NTU (DWAF, 1996) . Turbidity of post-filtration and post-chlorination waters at TFA were below the maximum guideline limit of slight health risk (DWAF, 1996) , whereas those from TFB were above the visible turbidity and health risk guideline (DWAF, 1996) .
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Turbidity in TFB treated water was significantly higher (p ≤0.001) than at TFA, with turbidity in ~23% of the treated waters from TFB exceeding the maximum guideline 5 NTU (DWAF, 1996) . This implied that the final waters may often have had visible turbidity that would be objectionable to users, with some chance existing of disease transmission by microorganisms associated with particulate matter (particularly for agents with a low infective dose, such as viruses and protozoan parasites). None of the waters collected from within the treatment facilities complied to the no effects guidelines of <1 NTU (DWAF, 1996) .
Removal of the health-related microbiological indicators and turbidity at TFA For this study, the performance measurement approach was designed on the work of Poda et al. (1994) and comprised two stages: (a) overall target removal CPLTs and (b) CPLTs for cumulative removal per stage. Table 2 shows the targets and performance of each CCP where negative values indicate that the CCP underachieved, i.e. was not functioning effectively. Of the sedimentation processes, TFA was not as effective as TFB, but not significantly so. At both facilities the filtration processes under-achieved, causing a larger FC load on the chlorine disinfection processes. The disinfection processes, nevertheless, effectively achieved 100% reduction of FC, despite the under-achievements of the prior system components. However, should chlorination fail because of the under-achievement of sedimentation and filtration, TFA would, based on the results of this study, have released an estimated 6% of the FC measured in the raw water (3 FC/100 mL) into the distribution system. For TFB, this would have been 1 FC/100 mL. These numbers were within ND = not detected; * Overall removal targets per facility are based on reduction from raw intake levels to guideline level (0 FC/100 mL) the 0-10 FC/100 mL category of the SA Water Quality Guidelines (DWAF, 1996) , indicating a slight risk of microbial infection with continuous exposure. Table 3 shows the effectiveness of the two facilities in reducing the level of turbidity. The sedimentation process at TFA was not effective at reducing turbidity to the required CPTL, leaving the filtration process to achieve a much larger removal than required by its CPLT. The sedimentation process for B overachieved. The situation was reversed at the filtration processes of the two facilities, where the process for TFA largely corrected the underachievement of its sedimentation process but the process for TFB completely nullified the achievement of its effective sedimentation process. Chlorine-disinfection is not a process that should contribute to reducing turbidity. In fact, CPTLs for turbidity reduction should be achieved before the process water reaches the disinfection stage to ensure minimum interference with the chlorination process (WHO, 1993) . This means that the complete CPTL achievement for the removal of turbidity should be reached at filtration. In the case of TFA, if the filtration processes should fail (consider the 40% underachievement of sedimentation), water would be released to the chlorination stage containing 19 NTU, implying that suspended materials were likely to interfere with disinfection. Ironically for TFB, if the filtration process should fail, the chlorination process would have less turbidity to contend with. From Table 2 it is evident that the chlorination processes could effectively disinfect the water despite the turbidity carry over. From a risk point of view, the question is what could be expected should chlorination have failed during such carry-overs. From the results, it was reasonable to expect that water with turbidity levels exceeding the critical 10 NTU level (DWAF, 1996) might cause severe aesthetic effects and also increase the chances of disease transmission at epidemic levels.
Turbidity measurement in lieu of microbiological measurement
There were no significant relationships between FC numbers and turbidity (p > 0.05) in any water samples taken from the CCPs at both treatment facilities. FC and turbidity levels were measured in the same water samples, and showed weak correlations, indicating that these parameters did not always co-vary. This was peculiar, since strong relationships between the reduction of turbidity and bacteria are reported in other studies. According to the USEPA (1999), low filtered-water turbidity can be correlated with low bacterial counts and low incidences of viral disease. Positive correlations between removal of pathogens and turbidity have also been observed in several studies. In fact, in every study to date where pathogens and turbidity occurred in the source water, pathogen removal coincided with turbidity/particle removal (Fox, 1995) . The weak associations found for this study could be due to insufficient sample sizes. A larger database, with additional features such as seasonal variance, may have strengthened the correlation figures. Nevertheless, the assumption for this study was that turbidity could not be used as a solitary indicator of process effectiveness in lieu of FC measurement. 
